applied to basal cells through the intracellular recording microelectrode never evoked synaptic responses in receptor cells. However, when repetitive electrical stimuli were applied to basal cells (four to six 1 set depolarizations to -0 mV every 12 set) we observed prolonged effects on receptor cells in 11 of 23 experiments. These effects included an increase in the amplitude of receptor potentials elicited by KCI (mean & SD = + 19 f 5%), an increase in membrane input resistance of receptor cells (+27 f 11%) and a hyperpolarization of receptor cells (3-10 mV). In control experiments, repetitive stimulation of one receptor cell never elicited such effects in another receptor cell. We investigated the possibility that serotonin (5HT), released from basal cells, mediated the above modulatory effects on receptor cells. Bath-applied 5-HT (100 PM) mimicked the effects produced by repetitive basal cell stimulation (KCI responses increased by 23 & 12%; input resistance increased by 24 f 11%; hyperpolarization of 5-15 mV; N = 14). We conclude that basal cells release 5-HT onto adjacent taste receptor cells and that this enhances the electrotonic propagation of receptor potentials from the apical (chemosensitive) tip to the basal (synaptic) processes of receptor cells. The net effect is that activation of basal cells effectively increases the chemosensitivity of taste receptor cells.
[Key words: Necturus, chemosensifivity, infracelluler recording, taste bud, synapse, Vertebrate taste buds contain cell types that are defined by their light and electron microscopic properties (reviewed by Kinnamon, 1987; Roper, 1989; Reutter and Witt, 1993) . In Necturus taste buds, 90% of cells in each taste bud are thought to be receptor cells. These cells possess thin apical processes that terminate in specialized chemosensory membrane at the apical pore (reviewed by Kinnamon, 1988; Roper, 1989) . The remaining 10% are basal cells that lack apical processes. An extensive network of chemical synaptic interactions has been morphologically identified in Necturus taste buds (Delay and Roper, 1988) . Only a minority of the synapses are found between receptor cells and afferent nerve fibers. Instead, more than half of the synapses in the taste bud involve one type of basal cell, the "Merkel-like" basal cell (Delay and Roper, 1988; Delay et al., 1993) . Merkel-like basal cells form synapses with afferent nerve fibers and with receptor cells. These studies have also shown chemical synapses in the reverse direction, that is, from basal cells onto receptor cells. In some cases, clusters of vesicles are found on both sides of pre-and postsynaptic membrane densities, suggesting the presence of bidirectional synapses (Delay and Roper, 1988) . Bidirectional synapses have been investigated in invertebrates (Anderson, 1985) and are also thought to occur in the mammalian brain (Horvath et al., 1989) . Synapses have also been observed between basal cells and afferent nerve fibers. The existence of two parallel targets for synaptic output from basal cells suggests multiple functions for basal cells. First, the basal cell may play some role as part of a feedback circuit onto receptor cells. Second, the basal cell may function as an interneuron to transmit integrated input from receptor cells to the afferent nerve (Reutter, 1978; Reutter and Witt, 1993) . Thus, morphological studies suggest that some degree of signal processing occurs in peripheral taste organs. That is, the chemosensitivity of taste buds may be modulated by synaptic events occurring between taste cells even prior to activation of sensory afferent fibers (Roper, 1992 (Roper, , 1993 Roper and Ewald, 1992) .
Serotonin (5-HT) is known to modulate the function of peripheral sensory organs in invertebrate systems (reviewed in Pasztor, 1989) . 5-HT modulates mechanoreceptor function in the crustacean muscle (Pasztor and Bush, 1987; el Manira et al., 1991 Ewald and Roper, 1992) .
ability by closing specific 5-HT-sensitive K channels (Siegelbaum et al., 1982) . In vertebrates, there is evidence that S-HT can function as a neurotransmitter in sensory organs. For example, certain cell types in the retina have uptake systems specific for 5-HT (Osborne, 1982; Osborne et al., 1982; Mitchell and Redburn, 1985; Zhu et al., 1992) , and 5-HT can modify the electrophysiological responses of ganglion cells to light (Thier and Wassle, 1984) . Also in vertebrates, 5-HT has been shown to modulate peripheral nociceptive and mechanosensory receptors (Birrell et al., 1990; Lang et al., 1990; Taiwo and Levine, 1992; Todorovic and Anderson, 1992) . Evidence from morphological studies has long suggested the possibility that 5-HT may also be involved in the peripheral sensory organ of taste-the taste bud. 5-HT has been found in the taste buds of amphibians (Solovieva et al., 1978; Esakov et al., 1983) , fish (Reutter, 1978) , and mammals (Nada and Hirata, 1975; Fujimoto et al., 1987) , but its function there has not yet been explored. In Necturus taste buds, one type of basal taste cell, the Merkel-like basal cell, contains 5-HT Delay et al., 1993) . This raises the possibility that Necturus taste buds may be well suited to investigate whether Merkellike basal cells release 5-HT to modulate taste bud function.
In our previous work we have shown that stimulating the taste bud with potassium and calcium salts elicits postsynaptic responses in basal cells . These experiments were conducted by impaling taste cells with a single microelectrode and recording sequentially from a series of receptor and basal cells. In the present experiments we have used two microelectrodes to record simultaneously from a receptor cell and a basal cell during chemical stimulation.
With this new approach we have been able to study synaptic transmission between receptor and basal cells, and to observe responses in basal cells produced by direct electrical depolarization of single receptor cells. Our data suggest that there is extensive excitatory synaptic convergence from many receptor cells to only a few basal cells. Further, the findings suggest that basal cells, in addition to receiving synaptic input from receptor cells, modulate chemosensory responses in taste buds by releasing 5-HT onto adjacent receptor cells.
Materials and Methods
Intracellular recordings were made from cells in taste buds in a preparation of 250~pm-thick transverse sections of Necturus lingual epithelium, as previously described Bigiani and Roper, 1993) . However, instead of using a single microelectrode as in prior studies, two microelectrodes were used to record simultaneously from pairs of taste cells in the present experiments.
Animals and tissue preparation. Nectuks maculosus, obtained from Kan's Scientific (Germantown. WI) or Graska Bioloaical (Oshkosh. WI). were maintained in 150 gallon aquaria at 10°C aid fed minnows,, ad libitum. Animals were anesthetized in ice water for 20 min before kilhng. After an animal was decapitated and pithed, its tongue was removed and the epithelial layer plus the underlying basal lamina was dissected from the rest of the tongue. Slices of lingual epithelium were prepared by attaching the dissected epithelial layer onto a cross section of carrot with cyanoacrylate glue and cutting 250 ,urn transverse slices with a vibrating razor blade mounted on a micromanipulator. Slices containing taste buds were mounted in a shallow perfusion chamber for intracellular recording. At all stages of these procedures, tissues were kept bathed with ice-cooled amphibian physiological saline (APS) as follows (in mM): 112 NaCl, 2 KCl, 8 CaCl,, and 5 HEPES, pH 7.2. Slices prepared in this manner were viable for several hours, and responses from taste cells could be recorded for this duration. Recordings were made at room temperature.
Chemostimulation. A glass capillary pipette (tip diameter = 20 hrn) filled with 140 mM KC1 or with 200 mM CaCl, was connected to a Picospritzer and positioned -100 pm from the apical end of the taste bud (Fig. 1) . A second capillary suction pipette (tip diameter = 200 pm) was mounted on the same micromanipulator with its tip 0.5 mm behind the tip of the stimulus delivery pipette; this second pipette provided a constant suction to withdraw solution from the immediate vicinity of the epithelial surface. Doses of 140 mM KC1 or 200 mM CaCl, of short duration (200-800 msec) were applied to the taste pore at low pressure (1.5-3 psi). With the above arrangement of stimulus and suction pipettes, the chemical stimulus formed a compact sphere of -100 Km (monitored with fast green dye in the pipette) that was rapidly removed at the end of each stimulus pulse. Fast green dye by itself had no effect on taste cells. This arrangement of stimulus delivery and focal suction pipettes produced a "quasi-laminar," spherical bolus ofchemostimulant that could be focused onto the apical, chemosensitive tips of the taste receptor cells with minimal diffusion to basolateral regions of the taste bud (cf. Ewald and Roper, 1992) .
Recording. Recording electrodes were pulled on a Brown-Flaming microelectrode puller (Sutter Instrument Co., Novato, CA) and filled with 2.5 M KC1 (resistances of 20-50 MQ). Two taste cells were impaled with microelectrodes to record simultaneously receptor potentials in the apical end of the taste bud and responses from either a basal cell or the basal process of a receptor cell (Fig. 1 ). Responses were identified on the basis of their latencies either as receptor potentials conducted electrotonically to the basal process of a receptor cell, or as postsynaptic responses in a basal cell (cf. Ewald and Roper, 1992) . We determined the latency of the responses (recorded in the basal region of the taste bud) by comparing their onsets with the onsets of receptor potentials recorded in the apical region of the taste bud. Our previous study ) utilizing dye-filled microelectrodes to identify cell types, showed that response latencies >75 msec were consistent and reliable indications that the microelectrode was inserted in a basal cell.
Results
In our previous work , we found that chemical stimulation of the apical tips of Necturus taste cells elicited receptor potentials in receptor cells and postsynaptic responses in basal cells. Basal cell responses were distinguished from receptor cell responses by their smaller amplitude and long latencies (> 75 msec). In the present experiments two microelectrodes were used to record simultaneously from pairs of taste cells during chemical stimulation in the lingual slice preparation, as shown schematically in Figure 1 . Figure 2 shows receptor potentials and postsynaptic basal cell responses recorded simultaneously in response to a pulse of KC1 applied to the taste pore. KC1 is an effective chemosensory depolarizing stimulus for all taste receptor cells in Necturus (Kinnamon and Roper, 1988b; Bigiani and Roper, 199 1) and acts on the high density of K channels that is present on the apical membrane McBride and Roper, 1989) . Figure 2A shows the typical latency for a basal cell response compared to the simultaneously recorded receptor potential. Using Lucifer yellow injection to identify cells, responses with latencies > 75 msec were found exclusively from basal cells . Receptor potentials evoked by KC1 were associated with a decrease in input resistance of the receptor cell (mean f SD = -34 f 2 l%, N = lo), as shown in the top trace of Figure iB Bigiani and Roper (1991) , Ca2+ salts elicit a receptor potential by a fundamentally different mechanism than KCl. CaZ+ reduces the apical K conductance and consequently depolarizes receptor cells while increasing the cell input resistance (mean + SD = +66 +-43%, N = 7) as is shown in Figure 3 (upper traces). The consequence of this is that CaCl, responses have a maximum amplitude, and thus saturate, only lo-30 mV above resting potential. As is shown in Figure 3 (lower traces), basal cell postsynaptic potentials elicited by CaCl, typically were much smaller than those evoked by KC1 and consistently had latencies longer than those elicited by KC1 (compare Figs. 2, 3 ). Corresponding to the smaller CaCl, responses, there were smaller (or sometimes at the level of noise, and thus indistinguishable) decreases in input resistance associated with the postsynaptic responses (-9 f 6%, N = 7). Thus, despite the fundamentally different mechanisms for generating receptor potentials (CaCl, vs KC1 and decreased vs increased membrane conductance), the postsynaptic responses were still accompanied by increases in membrane conductance. This makes it unlikely that the basal cell responses merely represented uncontrolled spread of the chemical stimulus to the bottom of the taste bud as was also shown in Ewald and Roper (1992) .
In the following experiments we have investigated the input/ output properties of synaptic connections between receptor cells and basal cells. We systematically varied the amplitude of receptor potentials (by varying the duration of the KC1 stimulus) and simultaneously recorded postsynaptic potentials in basal cells. Ewald and Roper, 1992) . B, Input resistances were measured with 100 msec hyperpolarizing pulses applied at 0.5 Hz through the balanced bridge circuit of the recording electrodes. Upper traces (superimposed), Receptor potentials (taste receptor cell) with and without hyperpolarizing pulses. Lower truces (superimposed), Basal cell responses with and without hyperpolarizing pulses. In these records, the input resistance of the receptor cell decreased 50% and the basal cell 20% during the responses.
Examples of receptor cell and basal cell responses to increasing doses of KC1 are shown with concurrent apical receptor potentials in Figure 4A . The input/output relations for the two experiments are plotted in Figure 4B . By analyzing six pairs of dose-response relations such as these (three receptor and three basal cells with their paired apical receptor potentials), the following generalizations can be made. First, the amplitude of apically recorded receptor potentials saturates at about -10 to Synapses i n Taste Compared to KC1 stimulation, receptor potentials elicited by CaCl, were consistently smaller. Thus, longer pulses of CaCl, (>200 msec duration) were required to elicit basal cell responses and the delays before onset of the basal cell responses were longer. Receptor potentials elicited by CaCl, are associated with an increase in input resistance (50% in this case) whereas basal cell responses are associated with a decrease (12% in this case). Ca*+ causes closure of K channels (Bigiani and Roper, 1992) .
+ 10 mV in response to increasing doses of KCl. This is to be expected since the response is generated of the shift in the electrochemical equilibrium potential for K+ (from --90 mV to +8-14 mV, for [K+], = 140 mM and assuming [K+], = 80-100 mM; Roper, 1987, 1988b) in combination with basolateral shunt conductances and electrogenic pumps, if any. Second, responses recorded in the basal processes of receptor cells also saturate, but at a much smaller amplitude. This is consistent with electrotonic conduction of the receptor potential from apical to basal end of the cell (Fig. 4B, left) . Third, postsynaptic responses in basal cells do not saturate with increasing KC1 doses (pulse durations up to 800 msec; Fig. 4B , right). The observation that the amplitudes of the postsynaptic responses are increasing when the presynaptic responses have already saturated at first appears contradictory. However, it is important to note that the durations of the presynaptic responses continue to increase with increasing KC1 dose, even after their amplitudes have saturated. Some variability occurs from experiment to experiment in the dose-response relationships due to slight changes in KC1 application at the taste pore (pulse pressure, distance of the KC1 pipette tip from apical pore, perfusion rate, etc.). Thus, a more accurate measure of synaptic transfer is to plot responses (recorded in the basal region) as a function of the apically recorded receptor potential (Fig. 5) . The threshold for responses in the basal processes of receptor cells was near the resting potential (Fig. 54, top) , consistent with electrotonic propagation of these signals from the apical region where they were generated. In contrast, for each of the three basal cells the (apical) receptor potential had to exceed a threshold, ranging between 50 and 80 mV, to elicit postsynaptic responses (Fig. 54, bottom) . These thresholds corresponded to a receptor cell membrane potential of--20 mV since the three cells had different resting potentials. When the responses are plotted as a function of the percentage of the maximum receptor potential, which partially compensates for differences in resting potential, the thresholds are more similar (Fig. 5B ). This threshold also depended on the duration of the presynaptic receptor potential. Thus, postsynaptic responses in basal cells could also be evoked by CaCl,, which produced prolonged presynaptic membrane potentials below -20 mV (see Fig. 3 ).
The preceding experiments, combined with our previous results , suggest that synaptic connections between receptor cells and basal cells have many characteristics that are consistent with known properties of chemical synapses. Transmitter release is elicited when the presynaptic potential depolarizes to a sufficient amplitude to activate Ca channels. Once the presynaptic threshold has been exceeded, the postsynaptic potential is a function of both the level of presynaptic depolarization and the duration this depolarization is maintained. It must still be qualified, however, that this understanding of the voltage and time dependence of postsynaptic responses in basal cells is under conditions in which the entire receptor cell population is stimulated by KCl. No firm conclusions can be made about the properties of individual synapses without knowing the number of synapses involved in producing a postsynaptic response in an individual basal cell. This is the topic of the following experiments.
We attempted to impale pairs of cells (receptor cell plus basal cell) that were synaptically coupled, and directly stimulate the presynaptic element (receptor cell). Figure 6A shows a schematic diagram of the method used to stimulate individual receptor cells and record responses in basal cells. These experiments were complicated by the fact that the impalements must be made at random from a total population of approximately 90 receptor cells and 10 basal cells per taste bud (Delay and Roper, 1988) , and that the dual impalements had to be maintained for a sufficient time to collect the relevant data. Nonetheless, we were able to detect postsynaptic responses elicited by direct stimulation of receptor cells in 14 of 88 such pairs of cells (16%). Receptor cells were depolarized with 1 set current pulses passed through the recording electrode. We observed no consistent responses in basal cells following briefer pulses injected into receptor cells.
In 16% of receptor cell/basal cell pairs, large depolarizing pulses (to -0 mV) applied to the receptor cells evoked small depolarizing responses in basal cells. One example of such recordings is shown in Figure 6B . The top trace shows the 1 set depolarization of the receptor cell followed by a KC1 response. The bottom trace shows the small depolarizing response elicited in a basal cell during the direct depolarization, followed by a larger response to the chemical stimulation. A hyperpolarizing pulse of comparable magnitude produced no discernable response eliminating the possibility that the basal cell response represented electrical coupling or artifactual field potentials. Electrical coupling has been observed between receptor cells in this and other species, using Lucifer yellow dye-filled microelectrodes (Teeter, 1985; Yang and Roper, 1987; Sata and Sato, 1989) . Electrical coupling has never been observed between receptor and basal cells, consistent with our recordings described here. Two consistent features in the direct receptor-to-basal cell Synapses i n Taste Buds . These results suggest that the long latency in postsynaptic responses, when they are evoked by chemostimulation, is due to the time required for the receptor cell to reach a threshold level of depolarization. This was consistent with the finding that weaker and/or briefer depolarizations of the receptor cell often failed to elicit a detectable response in the basal cells. That is, there appeared to be a threshold. Due to the small amplitude of the postsynaptic basal cell responses, however, this was not investigated in detail.
Since ultrastructural studies suggest that there may be bidirectional synapses between receptor cells and basal cells, we tested whether there might also be direct synaptic transmission in the opposite direction, that is, from basal cells to receptor cells. We reversed the experimental paradigm described above and used electrical excitation of basal cells to test for synaptic responses in receptor cells (Fig. 7) . Receptor cells were impaled in the basal region of taste buds so that the site of recording would be near any putative synaptic regions (Fig. 7) .
Stimulating basal cells with single 1 set pulses (to 0 mV) never elicited responses in receptor cells (N = 20 pairs of receptor/ basal cells). An example of one such experiment is shown in Figure 8 . In this experiment, a small regenerative response occurred during the electrical depolarization of the basal cell (small shoulder marked with arrow). However, during these experiments we noticed that there was a tendency for repeated trials of stimulation to increase responses of taste cells to chemical stimulation. We postulated that although single depolarizing current pulses applied to basal cells did not elicit direct synaptic responses in receptor cells, multiple electrical stimulation might modulate receptor cell function over a longer time course. In the following experiments we systematically investigated this possibility.
We tested the effect of trains of direct electrical stimulation of basal cells on chemosensory responses, that is, KC1 responses, of receptor cells and on passive membrane properties in 23 receptor/basal cell pairs. Basal cell stimulation consisted of four to six 1 set depolarizing pulses applied at 12 set intervals. We injected depolarizing currents of sufficient magnitude to depolarize the basal cells to -0 mV. We recorded the membrane potential, the input resistance, and the amplitude of KC1 responses in the receptor cells for at least 1 min before and after stimulating basal cells with a train of pulses. Figure 9 shows the results from one experiment where five depolarizing pulses were applied to the basal cell. Even after the first stimulus, the KC1 response in the receptor cell seemed to be somewhat enhanced, though this may have merely been within the range of response variability.
However, 1 min after repetitively stimulating the basal cell, the amplitude of the KC1 responses recorded in the receptor cell was consistently larger, 130% compared to before basal cell stimulation.
Furthermore, the receptor cell input resistance was 140% of control values, and the receptor cell membrane potential was hyperpolarized 5 mV. These three effects, which we will refer to as "modulatory effects," were observed in 11 of 23 pairs of receptor/basal cells and consistently occurred in these cells following electrical stimulation of basal cells (i.e., 10 In" I 1 set Figure 9 , focal KC1 stimulation, applied to the taste pore, elicited receptor potentials every 12 sec. KC1 stimuli were alternated with brief hyperpolarizing constant current pulses (not shown) to test the input resistance (downward deflections in trace). Lower truce, Concurrent intracellular recording from an adjacent receptor cell, also impaled in the basal end of the taste bud. Five depolarizing current pulses (0) were injected halfway through the 3 min recording. The amplitude of receptor potentials and receptor cell input resistance were not changed during and after stimulating the adjacent receptor cell. Resting potentials are given to the left of each trace. they did not reflect spontaneous fluctuations). In the remaining 12 pairs of receptor/basal cells, stimulating the basal cell had no significant effect (< 10% change) on any of these parameters. Although receptor cells and basal cells are capable of generating action potentials (Roper, 1983; Bigiani and Roper, 1993; Delay, Mackay&m, Taylor, Kinnamon, and Roper, unpublished observations) , under the conditions employed in the present experiments (isolated tissue and high [Cal,) we only occasionally observed active responses. This may explain the necessity of using somewhat longer electrical stimulation pulses (1 set) to mimic trains of action potentials that might occur in vivo. Brief stimulating pulses (< 1 set), although investigated extensively in these experiments (data not shown), do not elicit synaptic or modulatory responses.
An important control was to test whether merely the repetitive electrical depolarization of one cell could elicit nonspecific alterations in the properties of any adjacent cell in the taste bud, for example, mediated by electrical fields generated in the taste bud or an efflux of K+ from depolarized cells into the extracellular space. To test for any such nonselective effects, we used the identical protocol to stimulate pairs of adjacent receptor cells. In all 10 receptor/receptor cell pairs, electrical stimulation did not increase the amplitude of KC1 responses or the input resistance, nor did it hyperpolarize the membrane potential of the paired receptor cell. An example of one such control experiment is shown in Figure 10 .
As might be expected, there was a correlation between the amplitude of the KC1 responses and the input resistances of the taste receptor cells. The modulatory effects occurred in only about half of the basal/receptor cell pairs. We plotted changes in the KC1 responses as a function of changes in input resistance for individual experiments (Fig. 1 IA) . Changes in KC1 response and input resistance were normalized by expressing the changes as ratios, that is, values before and after stimulation compared to values immediately preceding stimulation. The ratios for KC1 responses were plotted against the ratios for input resistance 1 min before stimulation (0) (i.e., the control period) and 1 min after stimulating a basal cell (0). Thus, the solid circles monitor the normal fluctuations of KC1 responses and input resistance in the absence of any electrical stimulation. Figure 11A shows that increases in KC1 responses were correlated with increases in receptor cell input resistance. Furthermore, the proportional changes in KC1 responses and input resistances were about equal; the slope is -1. Figure 11 B shows that in control experiments where adjacent receptor cells were impaled and stimulated, there were no significant changes in KC1 responses or input resistances (compare Fig. 10) .
Immunocytochemical and autoradiographic studies have recently shown that one type of basal taste cell, the Merkel-like basal cell, contains 5-HT . In the following experiments we investigated the possibility that stimulating basal cells released 5-HT and that this release of 5-HT mediated the modulatory effects on receptor cell function observed above. We tested the ability of bath-applied 5-HT to modulate receptor cell function. Figure 12 shows the effects of bath exposure to 100 PM 5-HT on a receptor cell. The basalprocess of the receptor cell was impaled with a microelectrode, and KC1 stimuli were applied to the apical tip of the cell. After 2 min of exposure to 5-HT, the KC1 responses were increased by 20%, input resistance was increased by 40%, and the membrane potential was hyperpolarized by 4 mV. We also tested the effect of 5-HT on basal cells. In contrast to the effect on receptor cells, 5-HT caused an increase in the postsynaptic responses of basal cells (evoked by KC1 stimulation of adjacent receptor cells), but 5-HT did not significantly or consistently change the input resistance of basal cells or produce any consistent hyperpolarization of the resting potential. Figure 13 shows an example with a 30% increase in postsynaptic responses in a basal cell occurring 2 min after adding 100 PM 5-HT to the bath. These effects were consistently observed in each of 14 receptor cells and in each of nine basal cells. When microelectrodes were inserted into the apical process of taste receptor cells, amplitudes of receptor potentials were not affected by exposure to 100 WM 5-HT (N = 12 cells). These findings were expected since KC1 produces a large shunt in membrane resistance at the apical tip (compare Fig. 2 ; Bigiani and Roper, 199 1) . This apical shunt obscures any amplitude changes that might be recorded at more basal regions (where synapses are situated) due to enhanced electrotonic propagation of the signals throughout the length of the cell. Synapses i n Taste Buds The effects of 5-HT on taste cells are summarized in Figure  14 , A (receptor cells) and B (basal cells). As in Figure 11 , the ratios for KC1 responses are plotted against the ratios for input resistance. For each experiment, responses were measured 1 min before 5-HT (0) and 2 min after adding 5-HT (0). The solid circles give an indication of the normal variability in KC1 responses and input resistances in the absence of any applied drug. These plots allow a direct comparison of the pharmacological effects of 5-HT on receptor cells (Fig. 14A) with the effects of basal cell stimulation on receptor cells (Fig. 11A) . In both cases (electrical stimulation and 5-HT application), increases in KC1 responses were correlated with increases in input resistance. However, bath-applied 5-HT consistently affected all receptor cells, whereas stimulating basal cells only elicited responses in about half of the receptor cells.
We also plotted the changes in KC1 responses and input resistances as a function of time after adding 5-HT to the bath for receptor cells (Fig. 15A ) and basal cells (Fig. 15B) . In Figure  15C , these parameters are plotted for the subpopulation of receptor cells (11 of 23 pairs) in which stimulating basal cells elicited responses (Fig. 1 IA) . The rationale for selecting this subset of data is that it allows a comparison of the effects of stimulating basal cells (Fig. 15C) with the effects ofbath-applied 5-HT (Fig. 15A ). This comparison shows that the magnitude and time course of the effects on both KC1 responses and input resistance evoked by stimulating basal cells or by bath applying 5-HT are very similar. only a minority of the synapses are found between receptor cells and afferent nerve fibers. More than half of the synapses in the taste bud involve a type of basal cell, the "Merkel-like" basal cell (Delay and Roper, 1988; Delay et al., 1993) . These basal cells form synapses both with the afferent nerve and with receptor cells. Previous studies (Reutter, 1978) have suggested that basal cells may function as some sort of interneuron within the taste bud, presumably mediating some form of information processing in the peripheral taste organ. In some cases synaptic profiles between receptor cells and basal cells suggest the presence of bidirectional synapses (Delay and Roper, 1988) . Such synapses are thought to be involved in synaptic feedback between neurons in other systems (Anderson, 1985; Horvath et al., 1989) . The first part of the present study-is concerned with the electrophysiological properties of the synaptic output from receptor cells onto basal cells. This output may represent one direction of a bidirectional communication between these two cell types.
Input Resistance KC1 Response Figure   15 . Time course and magnitude of the effects of bath-applied 100 PM 5-HT on KC1 responses and input resistances of receptor cells (A) and basal cells (B) . A, Receptors cells were impaled in their basal processes. KC1 responses and input resistances of the receptor cells were measured 1 min before, immediately preceding, 1 min after, and 2 min after adding 5-HT. These values were normalized to the measurement just preceding exposure, and expressed as ratios as in Figure 14 . The means + SD of these ratios are plotted for both variables at each time. B, Changes in these same parameters are plotted for basal cells exposed to 100 PM 5-HT. C, Electrical stimulation of basal cells resembles effects of exogenous 5-HT. Changes in KC1 responses and input resistances are plotted for the receptor cells in which basal cell stimulation elicited measurable changes (11 of 23 pairs; see Fig. 11A and text).
Postsynaptic responses in basal cells
In recordings from the basal region of Necturus taste buds we have previously shown that presynaptic responses in receptor cells can be differentiated from postsynaptic responses in basal cells by the longer latency of the latter to chemical stimulation of the entire receptor cell population at the apical pore . This discrimination between pre-and postsynaptic responses in the basal region was accomplished by comparing receptor potentials in the apical end with responses in the basal region in sequential recordings with a single microelectrode. In the present experiments we have used two microelectrodes to record simultaneously from pairs of cells during chemical stimulation. With simultaneous recordings from pairs consisting of a receptor cell (recorded in the apical end) and a basal cell or a receptor cell (recorded in the basal region), we have confirmed the delayed onset of basal cell responses. Our results suggest that synaptic connections between receptor cells and basal cells have characteristics that are consistent with known properties of chemical synapses.
First, transmitter release is elicited when the presynaptic potential reaches a threshold membrane voltage sufficient to activate Ca channels. Kinnamon and Roper (1988a) showed that in isolated Necturus taste receptor cells, voltage-dependent Ca currents had a threshold of --10 mV. This may be more depolarized than in intact tissue or may overestimate the threshold depolarization needed to trigger synaptic transmitter release. Synapses in Necturus taste cells tend to be situated on the basal processes of receptor cells (Delay and Roper, 1988) at an appreciable distance (So-100 pm) from the taste pore. Although we have shown here that the threshold for evoking basal cell responses was when the KC1 potential depolarized receptor cells to --20 mV (Fig. 5 ) this referred to the apical depolarization, not the depolarization at basal (synaptic) sites. Furthermore, CaCl, responses triggered basal cell responses at much smaller apical receptor potentials (compare Fig. 3 ). This is consistent with the more efficient electrotonic spread of CaCl, potentials throughout taste receptor cells due to the increase in the membrane input resistance of the receptor cell (and a concomitant increase in electrotonic length constant) during CaCl, responses.
Second, once the presynaptic threshold has been exceeded, the postsynaptic potential is a function of the level of presynaptic depolarization as well as the duration that this suprathreshold depolarization is maintained. This voltage and time dependence of postsynaptic responses in basal cells is under conditions in which the entire receptor cell population is stimulated by KC1 or CaCl,. To gain information about the properties of individual synapses, we impaled pairs of cells that were synaptically coupled and directly stimulated the presynaptic element (receptor cell). The properties of these responses were consistent with their being mediated by a chemical synapse. In particular, the responses were evoked only by depolarization. No other events in basal cells were observed with electrical stimulation of receptor cells that might account for the postsynaptic responses in basal cells during chemical stimulation. Thus, we conclude that small depolarizing responses from numerous receptor cells onto each basal cell account for the observed postsynaptic response when all the receptor cells are depolarized by the chemical stimulus.
An alternative interpretation to the existence of discrete synaptic connections between receptor and basal cells, that might, in part, be consistent with our findings is that depolarized receptor cells release K+ into the limited extracellular spaces within the taste bud. Similar mechanisms have been reported in the retina (Karwoski et al., 1989) and in olfactory epithelium (Khayari et al., 199 1) . Our findings with K-sensitive microelectrodes indicate that K+ release into the taste bud does, indeed, occur to some extent when receptor cells are depolarized. If the extracellular spaces are sufficiently restricted that [K+] , rises appreciably, this could produce a weak, slow, and prolonged depolarization of basal cells such as we observed.
We do not believe this is a complete or even likely explanation, though such changes in [K+] , may contribute to the postsynaptic responses. First, it would be difficult to explain the rapid onset of basal cell responses after direct electrical depolarization of an individual receptor cell (e.g., Fig. 6 ), based solely on changes in [K+] ,. Second, morphological evidence for chemical synapses between receptor and basal cells has been reported (Reutter, 1978; Delay and Roper, 1988) .
We attempted to determine the ratio of the entire synaptic input onto a given basal cell to the synaptic input from a single receptor cell. We compared the amplitude of the postsynaptic potential produced by chemical stimulation of the entire receptor cell population with the maximum amplitude of the concurrently measured response during depolarization of a single receptor cell. This ratio, -8:1, is one measure of the synaptic convergence from receptor cells onto basal cells. This ratio is about the same as the ratio of the population sizes of the receptor cells to the Merkel-like basal cells (-12: 1) (Delay and Roper, 1988; Kim and Roper, unpublished observations) . One possible interpretation of the similarity of these ratios is that the synaptic output from receptor cells onto basal cells is complete but not redundant. That is, several receptor cells synapse with one basal cell, but individual receptor cells do not provide divergent synaptic output onto two or more basal cells.
Morphological evidence suggests that there are numerous synapses between receptor and basal cells (Delay and Roper, 1988) . Thus, basal cells could function as interneurons or serve a neuromodulator function within the taste bud. However, the amplitude of the postsynaptic responses in basal cells is quite small (only -3 mV when all the presynaptic receptor cells were depolarized to 0 mV). Thus, it seems unlikely that basal cells function as conventional interneurons between (in series with) receptor cells and afferent nerve fibers. Another possible role for the postsynaptic response in basal cells, as part of a feedback circuit, is suggested by the presence of bidirectional synapses, and is described below.
Modulation of receptor cell function by basal cells Synapses in the reverse direction, from basal cells onto receptor cells, are also found in Necturus taste buds (Delay and Roper, 1988) . These "reverse" synapses were often part of bidirectional synapses. Their existence suggests that one possible role for the postsynaptic response in basal cells, discussed above, is as part of a feedback circuit on receptor cell function, such as those described in other systems (Anderson, 1985; Horvath et al., 1989) . Thus, we have also tested for synaptic output from basal cells onto receptor cells. Although single electrical stimuli applied to basal cells did not evoke postsynaptic responses in receptor cells, multiple electrical stimuli to basal cells did produce long-term modulatory effects in about half of the receptor cells. The modulatory effects observed in the receptor cells consisted of an increase in the amplitude of responses to chemical stimulation, an increase in input resistance, and a hyperpolarization of the resting potential.
When basal cell stimulation produced changes in the receptor cell properties, the changes in KC1 responses and input resistances were correlated. This correlation between increases in receptor potentials and input resistances suggests that the mechanism for the increased chemosensitivity is due to enhanced electrotonic conduction of apical receptor potentials along the length of the receptor cells. The changes in resting membrane conductances that underlie the increase in input resistance are unknown. However, the increase in input resistance combined with a hyperpolarization indicates a net decrease in inward current, at or near the resting membrane potential, in the receptor cells.
The effects produced by repetitive stimulation of basal cells were observed in about half of the pairs of receptor/basal cells. In our experiments, pairs of cells were impaled at random and stable recordings were not always reliably obtained from adjacent cells. There was no way to predetermine which cells were synaptically coupled and thus to increase the incidence of basalreceptor cell interactions. Consequently, we were struck by the relatively high percentage of cell pairs in which basal cell stimulation modulated receptor cell responses. One interpretation of this finding is that an effective concentration of the neuromodulator released by stimulated basal cells diffuses sufficiently to affect about half of the receptor cells in the taste bud. The anatomy of the taste bud supports this interpretation: basal processes of receptor cells converge at the base of the taste bud to form a core around which the basal cells are peripherally located Kim et al., 1993) . We estimate that the effective concentration of the neuromodulator would need to extend only about lo-20 pm beyond the basal cell in order to affect half of the receptor cells. Thus, our finding that the effect of stimulation of a single basal cell is widespread, but not complete, is consistent with the anatomy of the taste bud and a reasonable diffusion distance for the neuromodulator. Ofcourse, unknown properties for the neuromodulator (e.g., its rate of release, receptor type, and rate of reuptake or degradation) will combine to determine its actual effective concentration within the taste bud. These properties all depend on the identity of the neuromodulator. As discussed below, our data suggest the identification of this neuromodulator as 5-HT.
Immunocytochemical and autoradiographic studies have recently shown that one type of basal taste cell, the Merkel-like basal cell, contains 5-HT (Welton and Roper, 1992; Delay et al., 1993) . Furthermore, 5-HT is released when Merkel-like basal cells are depolarized (Welton and Roper, 1992) . Our data show that exogenous 5-HT (100 PM) mimics the effects of repetitively stimulating basal cells. Thus, chemosensory receptor potentials were increased, the input resistance of receptor cells was increased, and the membrane potential of receptor cells was hyperpolarized. Similar effects of 5-HT on the passive membrane properties have been reported on insect olfactory neurons (e.g., Kloppenburg and Hildebrand, 1992; Mercer et al., 1992) . Furthermore, concentrations of 5-HT (50 FM to 1 mM) have been reported to alter signaling in other sensory systems in vertebrates (Esakov et al., 1983; Mroz and Sewell, 1989; Drujan et al., 1990 ). We do not know if other biogenic amines or peptides that have also been identified in taste buds (e.g., see Table 3 in may have similar effects. Our model for the modulatory effects of basal cell stimulation, mediated by release of 5-HT, is diagrammed schematically in Figure 16 .
Postsynaptic responses recorded in basal cells were also increased by exposure to 5-HT, but without an increase in the input resistance of basal cells. This effect is consistent with the hypothesis that 5-HT acts on the presynaptic (receptor) cells without any direct effect on the basal cell. aptic) basal cells. This in turn would increase the (presynaptic) receptor potential further, enhance postsynaptic responses, and thus promote further release of 5-HT. However, despite this positive feedback, responses would ultimately be limited by several factors including rates ofdiffusion and reuptake of 5-HT, and the maximum increase in receptor cell membrane resistance that could be produced by 5-HT.
5-HT, in addition to its effects on the passive membrane properties of receptor cells, shown here, and hence on the electrotonic propagation of chemosensory receptor potentials from apical to basal synaptic regions in the receptor cell, also exerts powerful effects on voltage-dependent currents, especially Ca currents (I,,). For example, Delay et al. (1992) have shown that 5-HT increases I,, in some taste receptor cells and decreases I,, in other taste receptor cells. We did not observe a similar division of receptor cells based on the effects of 5-HT on passive membrane properties in the present experiments. I,, is important in neurotransmitter release. Thus, we hypothesize that in some receptor cells the stimulatory effect of 5-HT on I,, reported by Delay et al. (1992) will complement the effects of 5-HT on the passive properties, reported here. Both actions will enhance chemosensory responses in the taste bud. However, in other receptor cells, the inhibitory effect of 5-HT on I,, will oppose the action of 5-HT that we observed. The consequence of this for the overall function of taste buds during chemostimulation is that 5-HT seems to have multiple effects on receptor cells and may exert a complex modulation of signals within the peripheral taste organ.
